The molecular mechanism of processive movement of single myosin molecules from classes V and VI along their actin tracks has recently attracted extraordinary attention. Another member of the myosin superfamily, myosin VII, plays vital roles in the sensory function of Drosophila and mammals. We studied the molecular mechanism of Drosophila myosin VIIa, using transient kinetics and single-molecule motility assays. Myosin VIIa moves along actin filaments as a processive, double-headed single molecule when dimerized by the inclusion of a leucine zipper at the C terminus of the coiled-coil domain. Its motility is Ϸ8 -10 times slower than that of myosin V, and its step size is 30 nm, which is consistent with the presence of five IQ motifs in its neck region. The kinetic basis for the processive motility of myosin VIIa is the relative magnitude of the release rate constants of phosphate (fast) and ADP (slow) as in myosins V and VI. The ATPase pathway is rate-limited by a reversible interconversion between two distinct ADP-bound actomyosin states, which results in high steady-state occupancy of a strongly actin-bound myosin species. The distinctive features of myosin VIIa (long run lengths, slow motility) will be very useful in video-based single-molecule applications. In cells, this kinetic behavior would allow myosin VIIa to exert and hold tension on actin filaments and, if dimerized, to function as a processive cargo transporter.
M
yosins constitute a superfamily of actin-dependent motors (1) that play important roles in diverse processes such as vesicle transport, cytokinesis, cell motility, exocytosis, tension maintenance, and filopodia formation (2) . Myosin VIIa is essential for sensory function in both Drosophila and mammals (3) (4) (5) . Mutations in the mammalian myosin VIIa gene cause severe sensory defects (Usher 1B syndrome in humans; shaker-1 mutation in mice) (6) . In shaker-1 mice the highly organized arrangement of stereocilia in auditory hair cells is destroyed, and the melanosomes of shaker-1 mice do not enter the apical processes in retinal pigment epithelial cells (7) . Slac2-c͞MyRIP links melanosome-bound Rab27A and myosin VIIa in retinal cells and thus mediates the transport of retinal melanosomes in pigment epithelium cells in a manner similar to the myosin Va-driven transport of melanosomes in melanocytes through a melanophilin-Rab27a complex (8) (9) (10) (11) . In Drosophila, myosin VIIa is widely expressed, and mutation of myosin VIIa (called crinkle or ck) is embryonic lethal. Flies that ''escape'' lethality because of a maternal load of myosin VIIa progress to adulthood and have defects in hearing and actin-based appendages on epithelia (5, 12) .
The mechanochemical mechanism of myosin-based motility has been the focus of considerable effort. Myosins that function as single-molecule vesicle transporters must be able to take a large number of steps on the actin filament per diffusional encounter (i.e., they are processive). The processive stepping mechanism of myosins from classes V and VI has been characterized extensively (13) (14) (15) (16) (17) . In general, these myosins have a kinetic signature where ADP release is rate limiting and phosphate release is fast. Because myosin⅐ADP binds strongly to actin, these myosins spend most of their kinetic cycle strongly bound to actin and are termed high-duty ratio myosins (18) . When dimerized through coiled coils they move processively on actin. Myosin VIIb from both Drosophila and mice also meets this kinetic prerequisite for processivity (19, 20) . Here we show that Drosophila myosin VIIa (DmVIIa) has kinetic features tailored for processivity and moves processively on actin filaments as single molecules using a hand-over-hand mechanism with a step size of 30 nm when dimerized through insertion of a leucine zipper sequence at the C terminus of its coiled-coil forming region.
Results
Construct Design. DmVIIa consists of an N-terminal motor domain (containing the actin and ATP binding sites), five light chain-binding IQ motifs, a predicted coiled-coil region that may be responsible for heavy chain dimerization, and various tail domains of effector function ( Fig. 1) (5, 12) . To investigate the kinetic properties of an isolated head of DmVIIa, we expressed a truncated construct that includes the motor domain and the first predicted IQ motif [DmVIIa-subfragment 1 (S1); Fig. 1 ]. For in vitro motility assays, we used a two-headed construct, GFP-DmVIIa-heavy meromyosin (HMM), which contained the motor domain, all five predicted IQ motifs, and the entire predicted coiled-coil forming sequence, with an N-terminally fused GFP and a C-terminal GCN4 leucine zipper motif to facilitate dimerization (Fig. 1) . In the absence of the GCN4 motif, DmVIIa-HMM failed to dimerize spontaneously.
DmVIIa Is a Processive Motor.
To test directly whether DmVIIa moves processively on actin, we used total internal reflection fluorescence (TIRF) microscopy to record the movement of single GFP-DmVIIa-HMM molecules on actin filaments bound to a coverslip surface. Dimerized GFP-DmVIIa-HMM molecules were observed to move for distances from 0.1 to 3 m at 72 Ϯ 20 nm͞s at saturating ATP concentrations, demonstrating that a double-headed fragment of DmVIIa is processive (see Movie 1, which is published as supporting information on the PNAS web site). The precise run length was not determined because most of the apparent ''terminations'' would be expected to be photobleaching events given the slow movement rate of this myosin. The fluorescence imaging with one-nanometer accuracy (FIONA) technique, which is capable of determining the position of a single fluorophore to Ϸ1.5-nm accuracy (16) , was used to measure step size. The positions of GFP-DmVIIa-HMM spots were determined every 0.5 s (Fig. 2 A and B) . Two populations of step sizes were obtained (Fig. 2) . Some molecules showed small steps of Ϸ30 nm (Fig. 2C ), whereas others gave larger steps of 60 nm (Fig. 2D ). Our observations are consistent with a ''hand-over-hand'' stepping mechanism in which heads transit from the trailing to the leading position with a 60-nm step as shown in Fig. 3A . The large steppers (Fig. 3A Right) represent molecules in which one of the GFP labels has photobleached, and we observed the movement of the labeled head as it transitioned from the trailing to leading position, a distance of 60 nm. During this head movement, the center of mass of the molecule would move 30 nm. In contrast, the small step sizes (30 nm) are derived from molecules in which both heads had fluorescing GFP moieties, and the observed movement reflects the change in the position of the center of mass of the two unresolved fluorophores (Fig. 3A Left) . Indeed, some stepping traces that initially started out with small steps could be seen to suddenly increase to large steps concomitant with a reduction in intensity of the spot that is associated with photobleaching of one of the two GFP moieties ( Fig. 3B ; see also Fig. 6 , which is published as supporting information on the PNAS web site).
Kinetic Basis of the Processive Motility of DmVIIa. The kinetic properties of DmVIIa were examined to determine the biochemical basis for its processive behavior. DmVIIa-S1 had a basal MgATPase activity of 0.05 Ϯ 0.001 s Ϫ1 in the absence of actin, which was activated by actin filaments to a maximum of 1.0 Ϯ 0.02 s Ϫ1 with half-saturation at a very low actin concentration (0.98 Ϯ 0.1 M) in 50 mM KCl (Fig. 4A ).
We measured each key step of the acto-DmVIIa ATPase mechanism as summarized and explained in Fig. 5 and also Table  1 , which is published as supporting information on the PNAS web site. DmVIIa shares a common ATPase pathway with other myosins as the binding of ATP causes dissociation of the actomyosin complex (K 1 -K 3 in Fig. 5 ). ATP hydrolysis mainly occurs in an actin-detached state (K 4 ), and rebinding of the myosin head to actin (K 5 ) accelerates P i release (K 6 ), which is followed by ADP dissociation from actomyosin (K 7 -K 8 ). Here we will focus on ATP binding to and product (P i and ADP) release from acto-DmVIIa, the steps that are key determinants of the duty ratio (i.e., steady-state fractional occupancy of strongly actin-bound states) and the processive behavior of DmVIIa.
To measure the transient kinetics of ATP-induced dissociation of the acto-DmVIIa-S1 complex, we performed stoppedflow experiments using the fluorescence signal of pyrene-labeled actin filaments (21) . The transients obtained on rapidly mixing pyrene-acto-DmVIIa-S1 with ATP under pseudo-first-order conditions were biphasic with rate constants saturating around 150 and 10 s Ϫ1 , respectively (Fig. 4B ). The fast phase had a fractional amplitude of Ϸ70% that was constant at higher ATP range the reaction consists of two pure phases: k fast determined by K 1 and k 2 as above, and k slow ϭ k Ϫ9 . Because the two phases of the reaction were well separated under these conditions, the relative amplitudes of the fast and slow phases were determined solely by and are omitted for clarity.] (F) Steady-state ATPase activity (black) and duty ratio (red) of DmVIIa-S1 as obtained in kinetic simulations by using the experimentally determined rate constants of Fig. 5 . The duty ratio is defined as the fractional steady-state occupancy of the strongly actin-bound DmVIIa-S1 states (underlined in Fig. 5 ). DmVIIa-S1 reaches a maximal steady-state ATPase activity of 1. the preexisting equilibrium between AM closed and AM open (K 9 ), and thus these amplitudes did not depend on ATP concentration. At lower [ATP] (Ͻ50 M), the rate constants of the two phases became similar, and thus their separation was much less accurate, which resulted in uncertain relative amplitudes for the two phases in this [ATP] range. This experimental behavior was also reproducible in kinetic simulations. Similarly to DmVIIa-S1, DmVIIb, brush border myosin I, and rat myosin Ib have been shown to exist in two different nucleotide-free actomyosin states (19, 22, 23) .
We used a f luorescently labeled phosphate binding protein (MDCC-PBP) (24) to monitor phosphate release from DmVIIa-S1 and acto-DmVIIa-S1. In double-mixing stoppedf low experiments, DmVIIa-S1 was first mixed with substoichiometric amounts of ATP (single turnover conditions), and then, after a 5-s delay to allow for ATP binding and hydrolysis to occur, the myosin-hydrolysis products complex was rapidly mixed with various actin concentrations to activate P i release (25) . The obtained single-exponential P i release rate constant was Ϸ0.02 s Ϫ1 in the absence of actin, which corresponds to the basal steady-state ATPase activity of DmVIIa-S1. P i release was activated by actin to a maximum of 61 s Ϫ1 with halfsaturation around 6.4 M actin concentration ( Fig. 4C ; k 6 and K 5 in Table 1 ). Thus, the maximal rate constant of P i release (k 6 ) is Ϸ50 times faster than the maximal actin-activated steady-state ATPase activity (Table 1 and Fig. 5 ).
ADP release from actomyosin is rate-limiting in the processive myosins V and VI (26, 27) . Because myosin binds strongly to actin in the presence of ADP (18), the rate-limiting exit from this state causes a high steady-state actin attachment (Ͼ50%) of individual myosin heads, which is a kinetic prerequisite for a double-headed processive molecule. We followed ADP release from actoDmVIIa-S1 by monitoring the effect of ADP on the ATP-induced dissociation of the pyrene-acto-DmVIIa-S1 complex. When pyrene-acto-DmVIIa-S1 was preincubated with increasing concentrations of ADP and then rapidly mixed with a large excess of ATP in the stopped-flow, two phases with rate constants of 7.7 Ϯ 0.8 and 1.9 Ϯ 0.2 s Ϫ1 , respectively, became predominant with increasing ADP concentration (Fig. 4 D and E) . Neither the rate constants nor the relative magnitude of the amplitudes of the two ADP release phases changed systematically with ADP concentration (Fig. 4E) .
[The fractional occupancy of the AM closed state in the preincubation mixture is Ͻ0.1 at ADP concentrations Ͼ3 M, which indicates that the AM closed -AM open transition (k Ϫ9 ) had no major contributions to the 7.7 Ϯ 0.8 s Ϫ1 phase in these experiments.] Similar rate constants and amplitudes were observed when the experiment was performed with a constant preincubation ADP concentration and increasing concentrations of ATP after the stopped-flow mix (data not shown). In addition, using a fluorescent ADP analog [2Ј-deoxymant-ADP (dmADP)], we obtained very similar rate constants and amplitudes to those in the pyrene-actin experiments (Fig. 4D Inset) . This behavior is consistent with a two-step kinetic model of ADP release from acto-DmVIIa-S1 in which a slower isomerization event (K 7 : a structural change in the actomyosin-ADP complex, which is the rate-limiting step of the whole ATPase pathway) is followed by a severalfold more rapid ADP dissociation event (K 8 ).
Computational kinetic simulations using the experimentally determined rate and equilibrium constants of the DmVIIa-S1 ATPase cycle highlighted two interesting features of the mechanism. First, although the isomerization between acto-DmVIIa-S1⅐ADP states is the most prominent rate-limiting step (k 7 ϭ 1.9 s Ϫ1 ), the overall steady-state cycling rate will be only Ϸ60% of this value because of the reversibility of K 7 and other steps in the cycle (Fig. 4F) . Second, at saturating [actin], the steady-state ATPase activity of DmVIIa-S1 will already be near V max at strikingly low ATP concentrations: it reaches half-saturation at 1.0 M ATP (Fig. 4F Inset) , which is 1 and 2 orders of magnitude lower than the corresponding values of myosins V and VI, respectively (26, 27) . This property makes DmVIIa uniquely advantageous for single-molecule investigations of the processive stepping mechanism, because its movement can be recorded at saturating ATP concentrations while it remains still within the time resolution of the FIONA technique.
Discussion
We have performed a systematic investigation of the molecular mechanism of the processive motility of DmVIIa including singlemolecule motility assays and an in-depth transient-state kinetic characterization. We present evidence that DmVIIa is not only a high-duty ratio motor, but is a processive myosin when dimerized, which makes it functionally capable of vesicle transportation in cells as a single molecule. The kinetic signature of processive myosins is a slow, rate-limiting ADP release and a fast P i release (18) (19) (20) 27) , in contrast to nonprocessive myosins where the reciprocal is true (18) . DmVIIa also exhibits this signature. All other steps in the ATPase pathway are much faster than the rate-limiting isomerization between two actomyosin-ADP states (K 7 in Fig. 5 ), which as a consequence will be the main determinant of the maximal steady-state actin-activated MgATPase activity (Table 1) . Kinetic simulations based on the experimentally determined parameters show that DmVIIa-S1 will exhibit a very high duty ratio (0.88) even at low (a few micromolar) actin concentration and in the absence of ADP (Fig. 4F) . This duty ratio is even higher than that of other processive myosins characterized (18) (19) (20) 27) , which is a kinetic explanation for the long run lengths (and, thus, high processivity) of GFP-DmVIIa-HMM obtained in our single-molecule motility experiments (Fig. 2) .
We interpret the biphasic release of ADP from actoDmVIIa-S1 using a model in which a reversible structural rearrangement (K 7 in Fig. 5 ) precedes the actual ADP release step (K 8 ). Similarly, upon ATP-induced acto-DmVIIa-S1 dissociation, a reversible isomerization (K 9 ) precedes the binding of ATP (K 1 -K 2 ). Thus, an isomerization occurs both in ADP-bound (K 7 ) and nucleotide-free (K 9 ) forms of the acto-DmVIIa-S1 complex. Nucleotide exchange (release and͞or binding) occurs detectably only in one of the end states. We speculate that these isomerizations reflect the same structural state of myosin (28) . Therefore, following the nomenclature introduced to describe a similar behavior of rat myosin Ib (29), in Fig. 5 we used the terms open and closed for the states in which nucleotide exchange is allowed or disabled, respectively. This transition is thought to be associated with a swing of the myosin neck region, which may play an important role in the strain dependence of the enzymatic and mechanical performance of myosins (28) .
The FIONA measurement of the step size of DmVIIa shows that during double-headed processive stepping, the initial trailing head moves forward by 60 nm as it becomes the lead head, which moves the center of mass by 30 nm. Thus, the step size of DmVIIa is shorter than that of myosin V (36 nm; for review, see ref. 30 ) but appears to be exactly proportional to the length of its ''neck'' or lever arm (five IQ motifs in DmVIIa instead of six in vertebrate myosin Va) (31) . Because the step size does not correspond to the pseudo repeat distance of an actin filament (36 nm), DmVIIa would have to either spiral around an actin filament or occasionally ''wobble'' to find an appropriate actin monomer target. The step size of myosin VI when moving processively along actin is also Ͻ36 nm, although the distribution of step sizes with this motor is very broad, and it is not thought to act by means of a lever arm mechanism (13, 17) . Under saturating ATP conditions, the movement of single myosin VIIa HMM molecules in the total internal reflection fluorescence assay is highly [KCl] dependent, and the motility rates vary from 30 nm͞s (10 mM KCl) to 70 nm͞s (100 mM KCl) (data not shown).
Several features of DmVIIa make it a very interesting molecule for single-molecule mechanical studies. Its slow, rate-limiting ADP transition (1.9 s Ϫ1 ) is considerably lower than that of myosin V (12 s Ϫ1 ) (32), whereas its ATP binding rate constant (1.3 M Ϫ1 ⅐s Ϫ1 ) is equal to that of myosin V. Thus, at ATP concentrations Ͼ2 M, the ADP transition and not ATP binding should be rate limiting, and the stepping rate of DmVIIa should have a half-maximal ATP concentration of Ϸ1 M. This finding means that the standard mechanical measurements such as step size measurements, dwell time distributions, etc. can be made at saturating ATP concentrations with high temporal resolution (12) .
DmVIIa has only a small segment of predicted coiled-coil forming sequence. We fused a GCN4 leucine zipper at the end of this sequence in the GFP-DmVIIa-HMM construct to ensure that the molecule dimerized efficiently. A construct without the leucine zipper does not spontaneously dimerize or move processively at low protein concentrations. However, preliminary experiments reveal that the unzippered myosin VIIa HMM molecules can be induced to form processive dimers when clustered on actin filaments (Y.Y. and T.S., unpublished data) similarly to myosin VI (33) . We speculate that myosins VII and VI, and even myosin X, may have a similar dimerizationregulated mechanism because these myosins contain short and charged-rich putative coiled-coil motifs (34) .
DmVIIa plays crucial roles during Drosophila development and hearing (5, 12) . The processive stepping mechanism we present here is a strong indication that DmVIIa can function in cells as a single-molecule cargo transporter. Although we know less about which cargoes are implicated in DmVIIa-dependent transport in Drosophila, the studies on melanosome transportation in mammalian retinal pigment epithelial cells suggest that this vesicle transport is indeed driven by myosin VIIa (and not myosin Va). Thus, we speculate that in retinal pigment epithelial cells, mammalian myosin VIIa uses the same motile mechanism to that of DmVIIa. DmVIIa (and also DmVIIb and mammalian myosin VIIa) is a very slow and high-duty-ratio motor, which makes it suitable for tension maintenance (19, 20) . The fact that DmVIIa mutations cause marked morphological defects in bristles and hairs and is required for fly hearing suggests that, besides vesicle transport, DmVIIa may also play a mechanical role in the maintenance of structures and perception of stimuli (5, 12) .
Materials and Methods
Protein Expression, Purification, and Reagents. cDNA fragments encoding DmVIIa-S1 (motor domain and the first predicted IQ motif, truncated after codon 757) and DmVIIa-HMM (motor domain, 5 IQ motifs, and predicted coiled-coil motif, truncated after codon 919) were amplified from a DmVIIa clone (12) and subcloned into baculovirus transfer vector pFastBac1 (Invitrogen). A GFP cDNA fragment was inserted into the 5Ј end of the DmVIIa-HMM cDNA, and one GCN4 leucine zipper containing 32 aa followed the predicted coiled-coil motif to efficiently dimerize the GFP-DmVIIa-HMM construct. A FLAG tag (sequence: DYKDDDDK) was fused to the C terminus of all constructs to aid purification. Creation and amplification of recombinant baculoviruses was performed according to Invitrogen protocols. Drosophila calmodulin was coexpressed with DmVIIa constructs (35) . The expressed proteins were purified as described in ref. 36 .
Actin from rabbit skeletal muscle was prepared (37) and pyrenelabeled as described in ref. 38 . Phalloidin (Molecular Probes) was added to actin in a 1.5-fold molar excess for stabilization of actin filaments. 2Ј-deoxy-mant-ADP and fluorescently labeled bacterial phosphate-binding protein (MDCC-PBP) (24) were kindly provided by Howard White (Eastern Virginia Medical School, Norfolk, VA). Other reagents were from Sigma.
Kinetic Measurements. Steady-state ATPase activities were measured at 25°C (39) in a buffer containing 10 mM Mops (pH 7.0), 2 mM MgCl 2 , 0.15 mM EGTA, 1 mM ATP, and 10 or 50 mM KCl. Transient kinetic experiments were performed by using an SF-2001 stopped-flow instrument (Kintek, Austin, TX) at 25°C in a buffer containing 20 mM Mops (pH 7.0), 5 mM MgCl 2 , 0.05 mM EGTA, and 50 mM KCl. P i release stopped-flow experiments were performed in the above buffer but with 10 mM KCl. Optical setups were as described in ref. 40 . Data fitting and analysis was performed by using the Kintek SF-2001 software and ORIGINLAB 7.0 (Microcal, Amherst, MA). Computational kinetic simulations were performed by using GEPASI (Version 3.30; www.gepasi.org).
In Vitro Motility Assays. Motility assays were performed at 25°C in a buffer containing 20 mM Mops (pH 7.4), 4 mM MgCl 2 , 0.1 mM EGTA, 100 mM KCl, 50 mM DTT, various concentrations of ATP, and an oxygen scavenging system consisting of 25 g͞ml glucose oxidase, 45 g͞ml catalase, and 2.5 mg͞ml glucose. Total internal reflection fluorescence and FIONA assays were performed as described in ref. 31 and quantified with META-MORPH (Molecular Devices).
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